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clude coannihilation, Z-resonance annihilation , h-resonance annihilation (see, for instance,

Refs. [73–76] ). Moreover, it is easy to weaken the spin-independent direct Dark Matter

search constraints by simply concentrating on negative values of µ (see Refs. [71, 77–83]).

Though, it is worth noting that the constraints from spin-dependent Dark Matter searches

will still apply [75, 84, 85].
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FIG. 1. Representative decay topologies of electroweakino production at the LHC. Left: Direct

production channels resulting from pair producing a chargino and neutralino. Right: The Higgs

portal channel resulting from the production of a heavy neutral Higgs boson decaying to neutralino

pairs.

For the reasons discussed above, we will be mostly interested in the production of mainly

Higgsino states with negative values of µ. The spectrum will consist of two neutral Majorana

states, the second and third lightest neutralinos, and one charged Dirac state. The associated

direct production of the charged and neutral states, mediated mostly by the charged gauge

boson W± carries the largest cross section and it is represented in Fig. 1. Since the second

and third lightest neutralinos are close in mass, provided it is kinematically allowed, they

will mostly decay into either Z or light Higgs h final states plus missing energy. The chargino

state, instead will decay into W± and missing energy

pp ! �±

1

+ �0

h ! W± + Z/h+ /ET , (4)

where h = 2, 3. We will concentrate in the region of parameters where the second and third

lightest neutralino can decay into on-shell Z gauge bosons. Therefore, considering the decay

of the W± into lepton states, the most interesting final states will be either tri-leptons plus

missing energy or pairs of bottom quarks plus one lepton plus missing energy. Considering

the decay of the W± into hadrons, the most interesting channel is two leptons (from Z) or

two bottoms (from h) and missing energy.
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Consequences of SUSY

Unification
SUSY Algebra

Quantum Gravity ?

Electroweak Symmetry Breaking

{Q↵, Q̄↵̇} = 2�µ
↵↵̇Pµ

[Q↵, Pµ] = [Q̄↵̇, Pµ] = 0

If R-Parity is Conserved the Lightest SUSY
particle is a good Dark Matter candidate



Theoretical Prejudice

 Due to RG running of mass parameters, heavier gluinos tend to push  
up the squark masses

 The third generation SUSY breaking masses receive large negative 
corrections in the RG running (related to the ones driving the Higgs 
mass parameter negative) and tend to be the lightest.

 Due to its large coupling to the Higgs sector, stops are particularly 
relevant and have important phenomenological effects at low 
energies.

Supersymmetric Spectrum



The minimal supergravity model is obtained by assuming the universality of the soft

supersymmetry breaking parameters at the grand unification scale: common soft super-

symmetry breaking mass terms m0 and M1/2 for the scalar and gaugino sectors of the

theory, respectively, and a common value A0 for all trilinear couplings Af . At the grand

unification scale, the mass parameters B and µ take values B0 and µ0, respectively. Know-

ing the values of the mass parameters at the unification scale, their low energy values may

be specified by their renormalization group evolution. In the region of small and moderate

values of tan β, for which the bottom and tau Yukawa coupling effects may be safely ne-

glected, an analytical solution for the evolution of the mass parameters may be obtained,

for any given value of the top quark Yukawa coupling.

The solution for the top quark Yukawa coupling, in terms of Yt, reads [19],[20]:

Yt(t) =
2πYt(0)E(t)

2π + 3Yt(0)F (t)
, (7)

with E and F being functions of the gauge couplings,

E = (1 + β3t)
16/3b3(1 + β2t)

3/3b2(1 + β3t)
13/9b1 , F =

∫ t

0

E(t′)dt′, (8)

where βi = αi(0)bi/4π, bi is the beta function coefficient of the gauge coupling αi and

t = 2 log(MGUT/Q). As we mentioned above, the fixed point solution is obtained for

values of the top quark Yukawa coupling that become large at the grand unification scale,

that is, approximately

Yf(t) =
2πE(t)

3F (t)
. (9)

From here, considering the renormalization group evolution of the mass parameters [19]-

[21], the following approximate analytical solutions are obtained,

m2

H1
= m2

0 + 0.5M2

1/2 , m2

H2
= m2

H1
+∆m2 , (10)

where m2
i = µ2 +m2

Hi
, with i = 1, 2, and

∆m2 = −
3m2

0

2

Yt

Yf
+ 2.3A0M1/2

Yt

Yf

(

1−
Yt

Yf

)

−
A2

0

2

Yt

Yf

(

1−
Yt

Yf

)

+M2

1/2

⎡

⎣−7
Yt

Yf
+ 3

(

Yt

Yf

)2
⎤

⎦ . (11)

Moreover, the renormalization group evolution for the supersymmetric mass parameter µ

reads,

µ2 = 2µ2

0

(

1−
Yt

Yf

)1/2

, (12)
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while the running of the soft supersymmetry breaking bilinear coupling gives,

B = B0 −
A0

2

Yt

Yf
+M1/2

(

1.2
Yt

Yf
− 0.6

)

. (13)

Finally, it is also useful to present the evolution of the supersymmetry breaking mass

parameters of the supersymmetric partners of the left and right handed top quarks,

m2

Q = 7.2M2

1/2 +m2

0 +
∆m2

3
, m2

U = 6.7M2

1/2 +m2

0 + 2
∆m2

3
, (14)

respectively. We shall concentrate on the renormalization group evolution of the super-

symmetric mass parameters given above, Eqs. (10) - (14), since within the bottom - up

approach introduced in Ref. [12] these are sufficient for the determination of the high

energy parameters.

A remark is in order. The above solutions have been obtained by using the perturbative

one loop renormalization group equations for the gauge and Yukawa couplings, as well

as for the mass parameters. Hence, they can only be used for values of the top quark

Yukawa coupling at the grand unification scale within the range of validity of perturbation

theory, Yt(0) ≤ 1. Since there is a one to one relationship between the values of Yt(0)

and the degree of convergence of the top quark Yukawa coupling to its infrared quasi

fixed point value, this bound implies that the solutions associated with top quark Yukawa

couplings that are closer than 0.5% to the fixed point value cannot be studied within the

one loop approximation. In the following, when talking about the limit Yt → Yf , we will

be implicitly assuming that we are working within the range of validity of perturbation

theory. In addition, for values of Yt that are very close to its fixed point value, two loop

effects may become important. Therefore, in our numerical solution we have considered

the full two loop renormalization group evolution for gauge and Yukawa couplings.

The coefficients characterizing the dependence of the mass parameters on the universal

gaugino mass M1/2 depend on the exact value of the gauge couplings. In the above, we

have taken the values of the coefficients that are obtained for α3(MZ) ≃ 0.12. The

above analytical solutions are sufficiently accurate for the purpose of understanding the

properties of the mass parameters in the limit Yt → Yf . We shall then confront the results

of our analytical study with those obtained from the numerical two loop analysis.

3 Properties of the Fixed Point Solutions

The above expressions show important properties of the solution when Yt → Yf :
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RG running from universal soft supersymmetry breaking
masses at the Grand Unification Scale 

Yt/Yf is the ratio of the low energy Yukawa coupling

to the IR fixed point value and ranges from values close

to 1 at low values of tan� to values of order 2/3 at

large values of tan�, for which the focus point

solution develops.

But the dependence on the gluino mass is very strong and due to the current bounds, 
there must be correlations between the different parameters to ensure the proper Higgs scale, 

Left-handed
stop

Right-handed
stop

tan2 � '
µ2 +m2

H1
+M2

Z/2

µ2 +m2
H2

+m2
h/2

Barbieri, Giudice ’88, Carena, Olechowski, Pokorski, C.W.’94

Feng, Matchev, Moroi’99



dQ = (1/3, 2/3, 1) (3.4)

Assuming that Q0 is the FP defined by m2
HU

(Q0) = 0, i.e.

0 = m2
HU

+ ηQL[Q0,M](m2
QL

+m2
UR

+m2
HU

) +
∑

a

ηa[Q0,M]M2
a

+
∑

a̸=b

ηab[Q0,M]MaMb +
∑

a

ηaA[Q0,M]MaAt + ηA[Q0,M]A2
t (3.5)

one can write the value of m2
UR

(Q0) as given by the expression

m2
UR

(Q0) = m2
UR

−
2

3
m2

HU
+
∑

a

caM
2
aFa[Q0,M] (3.6)

where (c1, c2, c3) =

(

1

3
,−1,

8

3

)

. The double FP defined in Eq. (3.1) then requires the con-

dition that

m2
UR

=
2

3
m2

HU
−
∑

a

caM
2
aFa[Q0,M] (3.7)

The functions Fa then determine when (whether) the LSS FP can be achieved. A plot of
them is given in Fig. 3 from where we can see that (by far and depending on the value of
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Figure 3: Plots of F3 (red solid), F2 (blue dashed) and F1 (dotted) as functions of
log10 (M/GeV).

M) the main contribution is that coming from the gluino sector.
At the LSS FP we can give the prediction of m2

QL
(Q0) as

m2
QL

(Q0) = m2
QL

−
1

2
m2

UR
+
∑

a

daM
2
aFa[Q0,M] (3.8)
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Certain correlations may assure the smallness of the Higgs soft breaking 
parameter at low energies. Electroweak symmetry breaking becomes 
more natural if the parameters are close to the ones that satisfy 
those correlations and if the supersymmetry breaking scale is reduced. 
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Figure 5: Left panel: Contour lines of M3(Q0)/mQL(Q0) in the plane
(log10[M/GeV], m0/mH). Right panel: Contour lines of M2(Q0)/mQL(Q0) (dashed lines)
and M1(Q0)/mQL(Q0) (dotted lines) in the plane (log10[M/GeV], m0/mH). Shadowed
region corresponds to 1 ! At(Q0)/mQL(Q0) ! 1.8.

the low scale Q0.
As a simple estimate and to get a feeling of the order of magnitude of the involved

parameters we will fix mQL(Q0) ≃ 2 TeV which is achieved in the selected region for

2.9 TeV ! mH ! 3.3 TeV, 0 < m0 ! 2.5 TeV (4.2)

and then implies that

2 TeV ! At(Q0) ! 3.6 TeV

1.5 TeV ! M3(Q0) ! 4 TeV

700 GeV ! M2(Q0) ! 3 TeV

500 GeV ! M1(Q0) ! 2.5 TeV (4.3)

where we have constrained m0 ! 0.75 mH to not have too light gluino masses. A particular
case 2 is given in Tab. 1 where the messenger scale M = 1010 GeV is selected and the
input parameters at the messenger scale are given in the left side of Tab. 1 while the output
parameters at the scale Q0 are given on its right side. We have also used as an input
parameter, in Eq. (3.6), m2

UR
(Q0) = 0.02m2

H. If we fix mQL(Q0) = 2 TeV it corresponds

2In this and in the next examples we have considered realistic values 200 GeV ! mUR
(Q0) ! 500 GeV,

as we will specify.
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Values of Mg̃/mt̃L needed to get
the proper Higgs scale and a
relatively light stop for di↵erent values
of the ratio of the squark and Higgs
masses at the SUSY breaking scale M .

Delgado, Quiros, C.W.’14 Non-Universal soft parameters

Berezsinski et al ’95, 
Nath and Arnowitt ’95,
Carena et al ’97 
Anderson et al ’99,
Profumo ’03, 
Baer et al’05, Ellis et al’05, 
Martin’09

m2
Hu

(Qew) '



Low Energy Supersymmetry Breaking ?

In this case, the gravitino tends to become the lightest SUSY particle

mSUSY ' ⌘
F

M

mG̃ =
Fp
3MPl

g̃ q̃R

q q

Ñ1

(a)

g̃ q̃L

q q

Ñ2 f̃

f f

Ñ1

(b)

g̃ q̃L

q q′

C̃1 f̃

f ′ f

Ñ1

(c)

g̃ q̃L

q q′

C̃1 W

Ñ1 f ′

f

(d)
Figure 9.2: Some of the many possible examples of gluino cascade decays ending with a neutralino
LSP in the final state. The squarks appearing in these diagrams may be either on-shell or off-shell,
depending on the mass spectrum of the theory.

from the fact that the gluino is a Majorana fermion, and does not “know” about electric charge; for
each diagram with a given lepton charge, there is always an equal one with every particle replaced by
its antiparticle.

9.5 Decays to the gravitino/goldstino

Most phenomenological studies of supersymmetry assume explicitly or implicitly that the lightest neu-
tralino is the LSP. This is typically the case in gravity-mediated models for the soft terms. However,
in gauge-mediated models (and in “no-scale” models), the LSP is instead the gravitino. As we saw in
section 7.5, a very light gravitino may be relevant for collider phenomenology, because it contains as its
longitudinal component the goldstino, which has a non-gravitational coupling to all sparticle-particle
pairs (X̃,X). The decay rate found in eq. (7.5.5) for X̃ → XG̃ is usually not fast enough to compete
with the other decays of sparticles X̃ as mentioned above, except in the case that X̃ is the next-to-
lightest supersymmetric particle (NLSP). Since the NLSP has no competing decays, it should always
decay into its superpartner and the LSP gravitino.

In principle, any of the MSSM superpartners could be the NLSP in models with a light goldstino,
but most models with gauge mediation of supersymmetry breaking have either a neutralino or a charged
lepton playing this role. The argument for this can be seen immediately from eqs. (7.7.17) and (7.7.18);
since α1 < α2,α3, those superpartners with only U(1)Y interactions will tend to get the smallest masses.
The gauge-eigenstate sparticles with this property are the bino and the right-handed sleptons ẽR, µ̃R,
τ̃R, so the appropriate corresponding mass eigenstates should be plausible candidates for the NLSP.

First suppose that Ñ1 is the NLSP in light goldstino models. Since Ñ1 contains an admixture of
the photino (the linear combination of bino and neutral wino whose superpartner is the photon), from
eq. (7.5.5) it decays into photon + goldstino/gravitino with a partial width

Γ(Ñ1 → γG̃) = 2× 10−3 κ1γ

( m
Ñ1

100 GeV

)5
( √

⟨F ⟩
100 TeV

)−4

eV. (9.5.1)

Here κ1γ ≡ |N11 cos θW +N12 sin θW |2 is the “photino content” of Ñ1, in terms of the neutralino mixing
matrix Nij defined by eq. (8.2.5). We have normalized m

Ñ1
and

√
⟨F ⟩ to (very roughly) minimum

expected values in gauge-mediated models. This width is much smaller than for a typical flavor-
unsuppressed weak interaction decay, but it is still large enough to allow Ñ1 to decay before it has left
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The lightest SM super partner tends to decay into a gravitino 
and a SM particle.  For instance for neutralinos,

a collider detector, if
√
⟨F ⟩ is less than a few thousand TeV in gauge-mediated models, or equivalently

if m3/2 is less than a keV or so when eq. (7.5.4) holds. In fact, from eq. (9.5.1), the mean decay length

of an Ñ1 with energy E in the lab frame is

d = 9.9 × 10−3 1

κ1γ
(E2/m2

Ñ1
− 1)1/2

( m
Ñ1

100 GeV

)−5
( √

⟨F ⟩
100 TeV

)4

cm, (9.5.2)

which could be anything from sub-micron to multi-kilometer, depending on the scale of supersymmetry
breaking

√
⟨F ⟩. (In other models that have a gravitino LSP, including certain “no-scale” models [245],

the same formulas apply with ⟨F ⟩ →
√
3m3/2MP.)

Of course, Ñ1 is not a pure photino, but contains also admixtures of the superpartner of the Z boson
and the neutral Higgs scalars. So, one can also have [150] Ñ1 → ZG̃, h0G̃, A0G̃, or H0G̃, with decay
widths given in ref. [151]. Of these decays, the last two are unlikely to be kinematically allowed, and
only the Ñ1 → γG̃ mode is guaranteed to be kinematically allowed for a gravitino LSP. Furthermore,
even if they are open, the decays Ñ1 → ZG̃ and Ñ1 → h0G̃ are subject to strong kinematic suppressions
proportional to (1 − m2

Z/m
2
Ñ1

)4 and (1 −m2
h0/m2

Ñ1

)4, respectively, in view of eq. (7.5.5). Still, these

decays may play an important role in phenomenology if ⟨F ⟩ is not too large, Ñ1 has a sizable zino or
higgsino content, and m

Ñ1
is significantly greater than mZ or mh0 .

A charged slepton makes another likely candidate for the NLSP. Actually, more than one slepton
can act effectively as the NLSP, even though one of them is slightly lighter, if they are sufficiently close
in mass so that each has no kinematically allowed decays except to the goldstino. In GMSB models,
the squared masses obtained by ẽR, µ̃R and τ̃R are equal because of the flavor-blindness of the gauge
couplings. However, this is not the whole story, because one must take into account mixing with ẽL,
µ̃L, and τ̃L and renormalization group running. These effects are very small for ẽR and µ̃R because
of the tiny electron and muon Yukawa couplings, so we can quite generally treat them as degenerate,
unmixed mass eigenstates. In contrast, τ̃R usually has a quite significant mixing with τ̃L, proportional
to the tau Yukawa coupling. This means that the lighter stau mass eigenstate τ̃1 is pushed lower in
mass than ẽR or µ̃R, by an amount that depends most strongly on tan β. If tan β is not too large
then the stau mixing effect leaves the slepton mass eigenstates ẽR, µ̃R, and τ̃1 degenerate to within
less than mτ ≈ 1.8 GeV, so they act effectively as co-NLSPs. In particular, this means that even
though the stau is slightly lighter, the three-body slepton decays ẽR → eτ±τ̃∓1 and µ̃R → µτ±τ̃∓1 are
not kinematically allowed; the only allowed decays for the three lightest sleptons are ẽR → eG̃ and
µ̃R → µG̃ and τ̃1 → τG̃. This situation is called the “slepton co-NLSP” scenario.

For larger values of tan β, the lighter stau eigenstate τ̃1 is more than 1.8 GeV lighter than ẽR and
µ̃R and Ñ1. This means that the decays Ñ1 → τ τ̃1 and ẽR → eτ τ̃1 and µ̃R → µτ τ̃1 are open. Then τ̃1
is the sole NLSP, with all other MSSM supersymmetric particles having kinematically allowed decays
into it. This is called the “stau NLSP” scenario.

In any case, a slepton NLSP can decay like ℓ̃→ ℓG̃ according to eq. (7.5.5), with a width and decay
length just given by eqs. (9.5.1) and (9.5.2) with the replacements κ1γ → 1 and m

Ñ1
→ m

ℓ̃
. So, as for

the neutralino NLSP case, the decay ℓ̃→ ℓG̃ can be either fast or very slow, depending on the scale of
supersymmetry breaking.

If
√
⟨F ⟩ is larger than roughly 103 TeV (or the gravitino is heavier than a keV or so), then the

NLSP is so long-lived that it will usually escape a typical collider detector. If Ñ1 is the NLSP, then,
it might as well be the LSP from the point of view of collider physics. However, the decay of Ñ1 into
the gravitino is still important for cosmology, since an unstable Ñ1 is clearly not a good dark matter
candidate while the gravitino LSP conceivably could be. On the other hand, if the NLSP is a long-
lived charged slepton, then one can see its tracks (or possibly decay kinks) inside a collider detector
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S. Ambrosanio et al’96
S. Martin ‘ 97

Dine, Nelson, Nir, Shirman, ’93—‘95

In this talk, I will not concentrate on this exciting possibility

M : Messenger scale
η : Depends on Mediation mechanism



Gluino Decays (Simplified Scenario)

g̃ q̃ �̃0
1

q q

  Rate tends to be prompt.

  Assuming R-Parity, LSP is stable at collider scales, implying large missing energy.

  Although the gluino has no other way of decaying,  the decay of squarks can be 
much more complicated

 Lightest squark dominates the decay.

Searches for Supersymmetric Particles at the LHC



Gluino Searches :
Gluino couples to SM via quark-squark vertices

Squarks can decay in a variety of ways
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Figure 10: Exclusion limits in the �̃0
1 and g̃mass plane for the (a) Gtt and (b) Gbb models obtained in the context of

the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits, respectively.
The shaded bands around the expected limits show the impact of the experimental and background uncertainties.
The dotted lines show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainty. The 95% CL expected and observed limits from the ATLAS search based on 2015
data [19] are also shown.

the 95% CL limit for a 1.8 TeV gluino is of B(g̃ ! tt̄�̃0
1) � 30% (B(g̃ ! bb̄�̃0

1) � 40%) when assuming
B(g̃ ! bb̄�̃0

1) = 0 (B(g̃ ! tt̄�̃0
1) = 0). None of the points in the plane are excluded for gluino masses

larger than 2.0 TeV.

Similar results are presented in Figure 11(b) assuming a gluino mass of 1.9 TeV and scanning various
neutralino masses (1, 600 and 1000 GeV). For neutralino masses between 1 and 600 GeV, most of the
branching ratio plane is expected to be excluded at 95% CL. The observed limit is nevertheless worse due
to the mild excess observed in the SRs. Thus, for instance, for a massless neutralino hypothesis, only the
region with B(g̃! bb̄�̃0

1) > 90 % is excluded for all values of B(g̃! tt̄�̃0
1).
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Searches for squarks and gluinos

● Strongly produced  largest cross sections.→

● Limits reach 2 TeV (gluinos) 1.5 TeV (squarks) in most favourable models. 

● E
T

       , (b) jets, (leptons). miss
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Searches for squarks and gluinos

● Strongly produced  largest cross sections.→

● Limits reach 2 TeV (gluinos) 1.5 TeV (squarks) in most favourable models. 

● E
T

       , (b) jets, (leptons). miss

Excess in channel with four tops ?
Events with b’s, jets, leptons and Missing ET

Events with b’s and Missing Energy

CMS Analysis not sensitive to the Excess Region



 More recent ATLAS Results

The 95% CL observed and expected exclusion limits for the Gtt and Gbb models are shown in the LSP and
gluino mass plane in Figures 9(a) and 9(b), respectively. The±1�SUSY

theory lines around the observed limits are
obtained by changing the SUSY production cross-section by one standard deviation (±1�), as described in
Section 3. The yellow band around the expected limit shows the ±1� uncertainty, including all statistical
and systematic uncertainties except the theoretical uncertainties in the SUSY cross-section. Compared
to the previous results [17], the gluino mass sensitivities of the current search (assuming massless LSPs)
have improved by 280 GeV and 270 GeV for the Gbb and Gtt models, respectively. Gluinos with masses
below 2.2 TeV are excluded at 95% CL for neutralino masses lower than 800 GeV in the Gtt and Gbb
models. The best exclusion limits on the LSP mass are approximately 1.3 and 1.2 TeV, reached for a
gluino mass of approximately 1.8 and 2.1 TeV for Gbb and Gtt models, respectively.
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Figure 9: Exclusion limits in the �̃0
1 and g̃ mass plane for the (a) Gtt and (b) Gbb models obtained in the context of

the multi-bin analysis. The dashed and solid bold lines show the 95% CL expected and observed limits, respectively.
The shaded bands around the expected limits show the impact of the experimental and background uncertainties.
The dotted lines show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainty.

Figure 10 shows the expected (10(a)) and observed (10(b)) 95% CL exclusion limits as a function of
the gluino branching ratio to Gbb (vertical) and Gtt (horizontal) models. Gluinos not decaying to either
the Gtt or Gbb mode are assumed to decay via Gtb instead, and m( �̃0

1 ) is fixed to 1 GeV. The exclusion
reach is highest in the pure Gtt corner of the branching ratio space, and weakest in the pure Gtb corner.
Similar results, with m( �̃0

1 ) = 600 GeV and m( �̃0
1 ) = 1000 GeV, are shown in Figures 11 and 12. As the

mass of the �̃0
1 increases, the sensitivity becomes weakest for mixed Gtb and Gbb models. The decreased

sensitivity motivates future optimization for these mixed topologies.

Additionally, the 95% CL observed and expected exclusion limits as a function of m(t̃) for the Gtt model
with an on-shell stop are shown in Figure 13. The g̃ and �̃0

1 masses are fixed to 2.1 TeV and 600 GeV
respectively. As can be observed in Figure 13, when the mass of the stop is far from m(g̃) and m( �̃0

1 )
(1.2 TeV . m(t̃) . 1.7 TeV), the exclusion limit is similar to that of the o�-shell result, but when m(t̃) is
close to the g̃ mass (1.8 TeV . m(t̃)) or �̃0

1 mass (m(t̃) . 1 TeV), the limit degrades because one of the
tops in the decay chain loses substantial energy.

Figure 14 shows the expected and observed the 95% CL cross-section upper limit for the Gtb model with

23

If they decay directly to third generation quarks,
gluinos must be heavier than about 1.5 to 2.2 TeV



Gluino Searches in more complicated 
Cascade Decays
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Gluino pair production

● Special focus on heavy neutralino scenarios and more complex decay chains. 

neutralino NLSP

light gravitino LSP

neutralino LSP

smaller cross section

s
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E
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EX
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D
ED

Channels with cascade decays into intermediate chargino/neutralino states and 
compressed spectrum present the weakest limits, and the bound falls short of
2 TeV for non-compressed spectrum.  Bound of 2.2 TeV in the most extreme case.  
Hard to evade the TeV bound.



Lightest SM-like Higgs mass strongly depends on:

* CP-odd Higgs mass mA                          * tan beta                           *the top quark mass 
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3
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* the stop masses and mixing

Mh depends logarithmically on the averaged stop mass scale MSUSY  and has a quadratic and  
quartic dep. on the stop mixing parameter  Xt. [and on sbottom/stau sectors for large tan beta] 

For moderate to large values of tan beta and large non-standard Higgs masses  
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t = log(MSUSY
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2Xt
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MSUSY
2 1− Xt
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12MSUSY
2
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Xt = At − µ /tanβ →LR stop mixing

Analytic expression valid for  MSUSY~ mQ ~ mU

Carena, Espinosa, Quiros, C.W.’95,96

Stop Masses :MSSM Guidance ?

=
vu
vd



MSSM Guidance:
Stop Masses above about 1 TeV lead to the right Higgs Masss

FIG. 7. As in Fig. 6, with mA = MS , t� = 20, Ab = A⌧ = MS , and µ = M1 = M2 = MS .

quartic couplings are resummed in order to increase the accuracy of the results at large

values of MS [54, 55].

In Fig. 8, we present the comparison of our results with the hMSSM approximation for

sizable values of µ̂ = 2 and values of bXt = �1.5 and bXt = 2.8, away from maximal mixing,

for which the hMSSM results are expected to show a worse approximation to the correct

results than for low values of µ at moderate or large values of t�. The results of our compu-

tation for the mixing angle ↵ and the heavy CP -even Higgs mass are presented in the left

and right panels with red dotted lines, while the blue lines represent the relative and abso-

lute di↵erences of these quantities with the ones computed in the hMSSM approximation.

We present our results for MS = 5 TeV, for which the correct values of the Higgs mass,

represented by black solid, dashed and dotted lines, may only be obtained for moderate to

large values of t� in this region of parameters. Di↵erences in ↵ of the order of 10%–20%

are obtained for moderate values of t� and values of the heavy CP -even Higgs bosons of

the order of the weak scale. Since the mixing angle controls the coupling of the lightest

CP -even Higgs boson to fermions and gauge bosons, relevant modifications of the Higgs

phenomenology are expected in this region of parameters. Similarly, the heavy CP -even

Higgs boson mass may be a↵ected by values of a few to 10 GeV in this region of parameters.

In Fig. 9, we present in the upper panels similar results but for bXt = 2.8 and large values

of MS = 100 TeV for which lower values of t� ' 4 are required to obtain the correct Higgs

masses. We see that in this case, in the relevant region of parameters, the agreement is

improved compared to the large t� case, with di↵erences in ↵ of the order of a few percent

23

FIG. 6. Mh vs bXt for mA = (200, 500) GeV in the (left, right) columns, t� = (2, 20) in the (top,

bottom) rows, Ab = A⌧ = MS , and µ = M1 = M2 = 200 GeV. The four curves are for MS values of

1, 2, 5, 10 TeV from bottom to top. The vertical grey dashed line indicates the value at the one-loop

maximal mixing value bXt =
p
6. The horizontal light grey box is the 1� band Mh = 125.09± 0.24

GeV.

at maximal mixing without light electroweakinos. We can compare with the recent results

produced by the SusyHD code of Ref. [28]. Our values are . 1 GeV higher than the central

result of Ref. [28]. Part of this discrepancy is attributed to the use of the lower value of

yt(Mt): if we instead use the NNLO + N3LO QCD value yt,N3LO QCD(Mt) = 0.93690, Mh is

lowered by 0.5 GeV. The remaining small di↵erence may be explained by the more complete

calculation of thresholds in the mA ⇠ MS case of Refs. [26, 28].

VI. COMPARISON TO PREVIOUS RESULTS

In this section, we compare our results with the results obtained in the hMSSM scenario

as well in the FeynHiggs version 2.10.2, in which relevant logarithmic e↵ects to the SM

22

Necessary stop masses increase for lower values of tanβ, larger values of  μ
smaller values of the CP-odd Higgs mass or lower stop mixing values.

Lighter stops demand large splittings between left- and right-handed stop masses

G. Lee, C.W.  arXiv:1508.00576
P. Draper, G. Lee, C.W.’13, Bagnaschi et al’ 14, Vega and Villadoro ’14, Bahl et al’17



Stop Searches
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production

Combining all searches, in the simplest decay scenarios, it is hard to
avoid the constraints 600 GeV—1.2 TeV for stops, if it decays directly to
top quarks and neutralinos.

We are just starting to explore the mass region suggested by the Higgs mass determination !



Cascade Decays may
lead to weaker bounds

9. Summary 13
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Figure 6: Expected and observed limits for the T2tt model with et1 ! t ec0
1 decays (left) and for

the T2bW model with et1 ! b ec+
1 ! bW+ ec0

1 decays (right) in the met1
–mec0

1
mass plane. The

color indicates the 95% CL upper limit on the cross section at each point in the plane. The area
below the thick black curve represents the observed exclusion region at 95% CL assuming 100%
branching fraction for the decays of the SUSY particles, while the dashed red lines indicate the
expected limits at 95% CL and the region containing 68% of the distribution of limits expected
under the background-only hypothesis. The thin black lines show the effect of the theoretical
uncertainties in the signal cross section.

and ec0
1 masses up to 420 GeV are excluded, assuming the chargino mass to be the mean of the

et1 and the ec0
1 masses. In the T8bb``nn model with decays et1 ! b ec+

1 ! bn ˜̀ ! bn`ec0
1, and

therefore 100% branching to dilepton final states, the sensitivity depends on the intermediate
particle masses. With the chargino mass again taken as the mean of the et1 and the ec0

1 masses,
the strongest exclusion is obtained if the slepton mass is close to the chargino mass. In this case,
excluded masses reach up to 1.4 TeV foret1 and 900 GeV for ec0

1. When the slepton mass and the
chargino mass are similar, these numbers reduce to 1.3 TeV foret1 and 750 GeV for ec0

1. A further
reduction to 1.2 TeV for et1 and to 100 GeV for ec0

1 is observed when the slepton mass is close to
the neutralino mass.
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Figure 10: Exclusion limits at 95% CL on the masses of the t̃1 and �̃0
2 , for a fixed m( �̃0

1 ) = 0 GeV, assuming
B( �̃0

2 ! Z �̃0
1 ) = 0.5 and B( �̃0

2 ! h �̃0
1 ) = 0.5. The dashed line and the shaded band are the expected limit and its

±1� uncertainty, respectively. The thick solid line is the observed limit for the central value of the signal cross-section.
The expected and observed limits do not include the e�ect of the theoretical uncertainties in the signal cross-section.
The dotted lines show the e�ect on the observed limit of varying the signal cross-section by ±1� of the theoretical
uncertainty. Results are compared with the observed limits obtained by the previous ATLAS search in Ref. [20].
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Figure 11: Exclusion limits at 95% CL on the masses of the t̃1 and �̃0
2 , for a fixed m( �̃0

1 ) = 0 GeV and di�erent
values of B( �̃0

2 ! h �̃0
1 ) with B( �̃0

2 ! Z �̃0
1 ) = 1 � B( �̃0

2 ! h �̃0
1 ). The dashed and solid lines are the expected and

observed limits for the central value of the signal cross-section, respectively. The expected and observed limits do
not include the e�ect of the theoretical uncertainties in the signal cross-section.
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For heavier stop masses, it is natural to expect the presence of
other electroweakino states the stop may decay to. 

Above searches optimize the pT values. Limits may be significantly
weaker than the ones shown above.  
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Figure 11: Best-fit values and uncertainties of Higgs boson coupling modifiers per particle type with e�ective photon
and gluon couplings and either BBSM = 0 (left), or BBSM included as a free parameter (right). The SM corresponds
to BBSM = 0 and all  parameters set to unity. All parameters except t are assumed to be positive. In the model
with BBSM included as a free parameter, the conditions W ,Z  1 are also applied and an upper limit on BBSM is
reported.

5.4.5 Parameterization using ratios of coupling modifiers

Finally, a model based on ratios of coupling modifiers is defined analogously to the cross-section ratio
model of Section 5.3. The model parameters are the scaling factors defined in Table 10. The paramet-
erization requires no assumption on the total width of the Higgs boson. All parameters are assumed
to be positive. The results are summarized in Table 10 and Figure 12. The compatibility between the
measurement and the SM prediction corresponds to a p-value of pSM = 86%.
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Guidance from Higgs Couplings
Departure from SM predictions of the order of

few tens of percent allowed at this point



Modifying the top and bottom couplings in two Higgs Doublet Models

• Modification of about ten (or fifteen) percent are still possible 

• Large modifications are certainly ruled out, with the exception of an inversion of 
the sign of the bottom Yukawa coupling. 

• Alignment condition :    

• In the  MSSM, it can only be achieved for large values of     

t = sin(� � ↵) + cot� cos(� � ↵)

b = sin(� � ↵)� tan� cos(� � ↵)

V = sin(� � ↵) ' 1

h = � sin↵H0
d + cos↵H0

u

H = cos↵H0
d + sin↵H0

u

tan� =
vu
vd

cos(� � ↵) = 0

µ

J. Gunion, H. Haber ‘02
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FIG. 2: Ratio of the value of the down-type fermion couplings to Higgs bosons to their SM values

in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,

s� =
�(m2

A +m2
Z)s⇥c⇥⇤

(m2
A +m2

Z)
2s2⇥c

2
⇥ +

�
m2

As
2
⇥ +m2

Zc
2
⇥ �m2

h

⇥2 , (96)

which, for mA
>� 2mh and moderate t⇥ implies

� s�
c⇥

⌅ m2
A +m2

Z

m2
A �m2

h

. (97)

This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Carena, Low, Shah, C.W.’13

Tuesday, November 19, 2013
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in the case of low µ (L1j ⇥ 0), as obtained from Eq. (96), and �d ⌅ 0.

We can reach the same conclusion by using Eq. (21) for s� in this regime,

s� =
�(m2

A +m2
Z)s⇥c⇥⇤

(m2
A +m2

Z)
2s2⇥c

2
⇥ +

�
m2

As
2
⇥ +m2

Zc
2
⇥ �m2

h

⇥2 , (96)

which, for mA
>� 2mh and moderate t⇥ implies

� s�
c⇥

⌅ m2
A +m2

Z

m2
A �m2

h

. (97)

This clearly demonstrates that in this case the deviation of (�s�/c⇥) from 1 depends only on

mA and is independent of t⇥. In other words, alignment is only achieved in the decoupling

limit, m2
A ⇤ m2

Z ,m
2
h.

This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying

B ⌅ m2
A �m2

h, and B �A ⌅ �(m2
Z +m2

h) . (98)

In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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This also agrees with our expressions regarding the approach to the alignment limit via

decoupling, Eq. (77). In this regime �5,6,7 are very small implying
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In Fig. 2 we display the value of �s�/c⇥ in the mA � tan⇥ plane, for low values of µ, for

which the radiative corrections to the matrix element L11 and L12 are small, Eq. (96). As

expected from our discussion above, the down-type fermion couplings to the Higgs become
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Down Couplings in the MSSM for low values of µ
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Ũ Ũ

H1

H2

(a)

H1

H1

Ũ

Ũ

Q̃ Q̃

H1

H2

(b)

H1

H1

Q̃

Q̃

Ũ
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FIG. 1: One-loop diagrams contributing to the the coefficient, Z6, of the Higgs basis operator,

(H†
1H1)(H

†
1H2). Using the interaction Lagrangian given in Eq. (51), one sees that the parametric

dependence for the six diagrams are: h4t s
3
βcβX

3
t Yt for (a) and (b); h4t s

3
βcβX

2
t for (c) and (d); and

h4t s
3
βcβXtYt for (e) and (f).

where we have used Eq. (46) to write v2s4βh
4
t = 4m4

t/v
2. Using Eqs. (55) and (56) in the

evaluation of Eq. (30) yields

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
tXt(Yt −Xt)

4π2v2M2
S

(
1−

X2
t

6M2
S

)]
. (57)

At large tβ we have Xt(Yt−Xt) ≃ µ(Attβ −µ) and X3
t (Yt−Xt) ≃ µA2

t (Attβ − 3µ), in which

case, Eq. (57) can be rewritten in the following approximate form,

tβ cβ−α ≃
−1

m2
H −m2

h

[
m2

h +m2
Z +

3m4
t

4π2v2M2
S

{
Atµtβ

(
1−

A2
t

6M2
S

)
− µ2

(
1−

A2
t

2M2
S

)}]
.

(58)
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 Higgs Decay into bottom quarks is the dominant one

 A modification of the bottom quark coupling affects all other decays

Carena, Haber, Low, Shah, C.W. ‘14
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Higgs Decay into Gauge Bosons
Mostly determined by the change of width

CP-odd Higgs masses of order 200 GeV and tanβ = 10 OK in the alignment case

Small μ µ/MSUSY = 2, At/MSUSY ' 3
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Complementarity of Direct and Indirect Bounds
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Figure 5: Constraints on the M125

h (�̃) scenario from Higgs searches at the LHC, in the
(MA , tan �) plane. The green solid lines are predictions for the mass of the lighter CP-even
scalar h, the hatched area is excluded by a mismatch between the properties of h and those of
the observed Higgs boson, and the blue area is excluded by the searches for additional Higgs
bosons (the darker-blue band shows the theoretical uncertainty of the exclusion).

the stop mixing parameter Xt is slightly reduced, to partially compensate for an enhancement in
the prediction of the SM-like Higgs mass due to light EW-inos. The sbottom mixing parameter
Xb = Ab � µ tan � is instead significantly lowered by the small value of µ.

Compressed EW-ino mass spectra are probed at the LHC by searches for events with soft
leptons and missing transverse momentum in the final state [211, 212]. In scenarios where
the slepton-mediated decays of the EW-inos are suppressed by large slepton masses, the most
sensitive channel is the production of a �̃±

1

�̃0

2

pair, followed by the decay of each EW-ino into a
virtual gauge boson – which in turn decays to leptons – plus the lightest neutralino. However,
the interpretation of the LHC searches for EW-inos in this channel leads to the strongest bounds
when �̃±

1

and �̃0

2

are assumed to be mass-degenerate pure winos. A full recast of those searches
to the M125

h (�̃) scenario – in which �̃±
1

is a mixture of wino and higgsino and �̃0

2

is mostly bino
and somewhat heavier – is beyond the scope of our paper and best left to the experimental
collaborations, but we anticipate that the production cross section is smaller and the exclusion
bounds are weaker than in the case of pure winos.

In Fig. 5 we present, in the (MA , tan �) plane, the existing constraints on the M125

h (�̃)
scenario from Higgs-boson searches at the LHC. The meaning of the di↵erent curves is the same
as in Fig. 1. In the lower-left corner of the plane, the blue region that is excluded by the LHC
searches for additional Higgs bosons is significantly modified compared to the corresponding

21

Bahl, Fuchs, Hahn, Heinemeyer, Liebler, Patel, Slavich, Stefaniak, Weiglein, C.W. arXiv:1808.07542

Dashed area, constrained by precision measurements.
Low values of the Higgsino Mass assumed in this Figure.



Naturalness and Alignment in the (N)MSSM

  It is well known that in the NMSSM there are new contributions to the lightest 
CP-even Higgs mass,

 It is perhaps less known that it leads to sizable corrections to the mixing between 
the MSSM like CP-even states. In the Higgs basis,  (correction to                   )

 The values of lambda end up in a very narrow range, between 0.65 and 0.7 for all 
values of tan(beta), that are the values that lead to naturalness with perturbativity 
up to the GUT scale

W = �SHuHd +


3
S3

m2
h ' �2 v

2

2

sin

2
2� +M2

Z cos

2
2� +�t̃

�2
=

m2
h �M2

Z cos 2�

v2 sin2 �

Carena, Haber, Low, Shah, C.W.’15 

M2
S(1, 2) '

1

tan�

�
m2

h �M2
Z cos 2� � �2v2 sin2 � + �t̃

�

see also Kang, Li, Li,Liu, Shu’13,   Agashe,Cui,Franceschini’13

��4 = �2
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FIG. 8: Blue shaded region denotes current LHC limits. The ratio of the Higgs coupling to down-

type quarks to the SM limit is shown by the red dashed contours for various values of �.
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It is clear from these plots that
the NMSSM does an amazing job in 
aligning the  MSSM-like CP-even 
sector, provided   

Carena, Low, Shah, C.W.’13
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FIG. 2: Left panel : The blue shaded band displays the values of � as a function of tan�, necessary

for alignment for mh = 125± 3 GeV. Also shown in the figure as a green band are values of � that

lead to a tree-level Higgs mass of 125 ± 3 GeV. Right panel : Values of MS necessary to obtain a

125 GeV mass for values of � fixed by the alignment condition and stop mixing parameter Xt = 0

and Xt = MS. The dominant two-loop corrections are included.

Since |µ|2 is the diagonal Higgs squared-mass parameter at tree-level in the absence of

supersymmetry breaking, it is necessary to demand that |µ| ⌧ MS. Furthermore, the SM-

like Higgs mass in the limit of small mixing is approximately given by M2

11

[cf. Eq. (48)].

The one-loop radiative stop corrections to M2

12

exhibited in Eq. (50) that are not absorbed

in the definition of M2

11

are suppressed by µ/MS (in addition to the usual loop suppression

factor), as shown in Eq. (53), and thus can be neglected (assuming tan� is not too large)

in obtaining the condition of alignment. Hence, satisfying Eq. (53) fixes �, denoted by �alt,

as a function of mh, mZ and tan �,

(�alt)2 =
m2

h �m2

Zc2�
v2s2�

. (55)

The above condition may only be fulfilled in a very narrow band of values of � = 0.6 – 0.7

over the tan � range of interest. This is clearly shown in Fig. 2, where the blue band exhibits

16



Decays into pairs of SM-like Higgs bosons           
suppressed by alignment

Carena, Haber, Low, Shah, C.W.’15

Crosses : H1 singlet like
Asterix : H2 singlet like
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.

+

+

++

+

+
+ +

+

++

+

+
+

+

++

+

+
+
+

+

+

+

+

+
+

+

+

+
+
+

+

+
+

+

+ +

+

+
+
+

+
+
+

+

+
+
+

+

+
+

+
+
++

+

+++

+

+

+
+

++

+

+

+

+
+

++

+

+

+

+

++

++
+

+

+
++

++

+
+
+
+

+
++

+
+

++

++
+
+

++
+

++

+

+
+

++
+

++

+

+
+

++
+

+

+
+
+
++
+
+
+
+

++
+++
+

+
+

++

++

*

*

**

*

*

*

* **

*

***

*

*
*
*

*

*

*

**

*
*

*

**

**

*

*
*

**

*
*

**

*

* ****

*

****

*

**
**

*

*
*
**

*
*
**

*

*
* *****
*

****
* *
****
*

****
*

****

*

*
** *
*
*
*
*****
*

***** *
*

****
*
*

****
*

****
*

****

*

*
** *
*
* *****
*
***** *
*
*

***** *
*

*****
*

****
*
*

****
*

****
*

*
** *
*
* ******
***** ***

***** **
***** *
*
*****
*

*****
*

****
*

*** *
*

*
**** ******
***** ***
***** **
***** **
***** **
*****
*

*****
*

****
*
*** *
*

*****

*
***** *
*
**

*
****
*
**

*

*
*
*

***

*
*
*

*

*

*

*
*
*
***
*

***
***

*
**
***

*
**
*

*
*
*

*
** ***
*
******
*

******

******

*
***
*
*
*
*
** ****
******
*

******
*

******
*

******
****
*

*
*
*
***
* ***********
*******
******
*

******
*

****
*
****
*

*
*
*
**** ********* **
***** **
***** **
***** *
*
*** ** *
*

*** *
*
****
*

*
*
*
****

*
* *
***
*
*
*
**
*
*
**
*
*
*
***
*

*
***

*
*
**
**
****
*
*
***
*

*
***
*

*
**
**
***
*
**
*
**
**
*
*
***
*

*
***
*

**
*
*

**
*******
*****
**
*
**
*
*
*
**
*
*
*

**
*
*

**

��� ��� ��� ��� ���
���

���

���

���

���

P+ H*H9L

%5
H+Æ

K
K 6
L

(a)

+

+++

+

+++

+

+++

+

++
++

++
+++
++

+
+++
+
++
+
++
+
++

+

+

+

++

+

+

+
+

+++

+

+
+

++
+

++

+
+

++
+

++

+
++

++
+

+

+
++

++
+

+
++

++
+
+
+
++
++

+
+
+

+
+

+
+
+

+
+
+

+
+

+
+
+

+
+
+

+
+

++

+
+
+

+
+
+
+
+

++
+
+
+
+

++
+
+

+
+
+

*

*

*
*
*

*

*

*

**

*

*
**
*
*

*
*
*

*
*
*
*

*

*

*

**

*

*

*

**

*

***
*
*
*
* *
*

*

*

*

*
*

*

*

*

**

*

*

*

**

*

***
*
*
**
* **

*

*

*

*

**

*

*

*

*
**

*

*

*

**
*

*

*

**
*
*

*

**
*
****
**

*

*

*

*

**

*

*

*

*

*

**
*

*

*

*

**
*

*

*

**
*
*

*

**
*
*

*

**
* ***
**
*

*

*

*

**
*

*

*

*

*

*

**
*

*

*

*

*

**
*

*

*
*

**
*
*

*
*

**
*
*

*

**
*
*

*

*** ***
**
*

*

*

*

**
*

*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

**
*
*

*
*

**
*
*

*
*

**
*
*

*

**
*
*

*

*****
**
*

*

*
*

**
*

*

*

*

*

*

**
*

*

*

*

*

**
*

*

*

*

*

**
*
*

*

*

*

**
*
*

*
*

**
*
*

*
*

**
*
*

*

**
* *

*

*****

*
*
*

*
*
* **

*

**
*

*
*
* **

*
*

**

*
*

*

*
**
*
***
*

*
* *
*

*
*

*
*

*
*

*

*
**
*
*

*

*
**
*
***
*
**
* **

*
*

*
*

*
*

*

*

*

*
*

*
*

*

*
**
*
*

*

*
**
*
***
*
***
*
*

*
*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

**
*
*

*

*

*

**
*
*

*

*
**
*
*

*

**
*
**
**
*
*

*
*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

*
*

*
*

*

*

*

*
*
*
*

*

*

*

**
*
*

*

**
*
*
*

*******
*
*

*
*

*
*

*

*

*

*

*

*
*

*

*

*

*

*

*
*

*
*

*

*

*

*
*
*
*

*

*

*

*
*
*
*

*

*

*

**
*
*

*

**
*
*
*
*******

**
*
***
*
*

*
*

*
*
*
** *
*

*
*

*
*

*

*

*

**
*
*
** *
*

*
*

*
*

*

*

*

*
*

*

*

*

**
*

*

*

*
** **

*

*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

**
*
*

*

**
** *
*
*

*

*

*
*

*
*

*

*

*

*
*

*

*

*

*
*

*

*

*

**
*
*

*

**
**

��� ��� ��� ��� ���
����

����

����

����

����

����

����

����

P+ H*H9L

%5
H+Æ

$ 6
=
L

(b)

FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 10: Branching ratio of the decay of the heaviest CP-even Higgs boson into pairs of identical

CP-even Higgs bosons. Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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FIG. 11: Branching ratios of the decay of the heavy CP-even Higgs boson into a pair of non-identical

lighter CP-even Higgs bosons, H ! hhS (left panel) and into the lightest CP-odd Higgs boson and

a Z boson (right panel). Blue, red and yellow represent values of tan� = 2, 2.5 and 3, respectively.
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Blue : tan� = 2

Red : tan� = 2.5
Yellow: tan� = 3

Relevant for searches for Higgs bosons



CMS-PAS-HIG-18-012

Search for (psudo-)scalars decaying into lighter ones 

It is relevant to perform similar analyses replacing
the Z by a SM Higgs  (and changing the CP property of the Higgs)

H -> Z A

A -> Z H



Electroweak Sector

 Situation here is far less well defined than in the strongly interacting sector

 Sleptons, in particular staus are only weakly constraint beyond the LEP limits

 Winos as NLSP’s are the strongest constrained particles.

 Sensitivities in the search for these particles will increase only at high luminosities, but 
bounds on Higgsinos will remain  weak.

 In general, a scenario with large cascade decays with light electroweakinos is the most 
natural one and the highest hope for SUSY at the weak scale.



Stau Searches : Bounds depend on stau mixing.

Weak limit at this point, start to explore region beyond the LEP ones.
Observe that this assumes both staus are degenerate

7. Summary 19
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Figure 8: Cross section of et pair production excluded at 95% CL as a function of the et mass in
the degenerate et scenario for a ec0

1 mass of 1 (top left), 10 (top right) and 20 (bottom) GeV. The
results shown are for the statistical combination of the 2016 and 2017 datasets for the thth and
`th analyses. The inner (green) band and the outer (yellow) band indicate the regions contain-
ing 68 and 95%, respectively, of the distribution of limits expected under the background-only
hypothesis. The red line indicates the NLO+NLL prediction for the signal production cross
section calculated with RESUMMINO [35], while the red dashed lines represent the uncertainty
in the prediction.
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Figure 7: The 95% CL exclusion contours for the combined fit of SR-lowMass and SR-highMass for simplified
models with (a) combined H⌧+R,LH⌧�R,L production and (b) H⌧LH⌧L only production. The text provides details of exclusion
curves and uncertainty bands.

11 Conclusion

Searches for stau-pair (H⌧H⌧) production of supersymmetric particles in events with at least two hadronically
decaying tau leptons are performed using 139 fb�1 of pp collision data at

p
s = 13 TeV recorded with the

ATLAS detector at the LHC. Agreement between data and SM predictions is observed in two optimised
signal regions. The results are used to set limits on the visible cross section for events beyond the Standard
Model in each signal region.

Exclusion limits are placed on parameters of simplified electroweak supersymmetry models in scenarios ofH⌧H⌧ production. H⌧ masses from 120 GeV to 390 GeV are excluded for a massless lightest neutralino in the
scenario of direct production of stau pairs, with each stau decaying into the lightest neutralino and one tau
lepton. These limits significantly extend previous results by ATLAS and CMS experiments in the high H⌧
mass region.
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Current Electroweakino Mass Bounds 
Wino NLSP BR = 1



Relevant Electroweakino Production
and Decay at the LHC (Bino LSP)

clude coannihilation, Z-resonance annihilation , h-resonance annihilation (see, for instance,

Refs. [73–76] ). Moreover, it is easy to weaken the spin-independent direct Dark Matter

search constraints by simply concentrating on negative values of µ (see Refs. [71, 77–83]).

Though, it is worth noting that the constraints from spin-dependent Dark Matter searches

will still apply [75, 84, 85].

W

Z/h

�±
1

�0
2,3

�0
1

�0
1

p

p

H/A

�0
1

�0
1

�0
2,3

Z/h

FIG. 1. Representative decay topologies of electroweakino production at the LHC. Left: Direct

production channels resulting from pair producing a chargino and neutralino. Right: The Higgs

portal channel resulting from the production of a heavy neutral Higgs boson decaying to neutralino

pairs.

For the reasons discussed above, we will be mostly interested in the production of mainly

Higgsino states with negative values of µ. The spectrum will consist of two neutral Majorana

states, the second and third lightest neutralinos, and one charged Dirac state. The associated

direct production of the charged and neutral states, mediated mostly by the charged gauge

boson W± carries the largest cross section and it is represented in Fig. 1. Since the second

and third lightest neutralinos are close in mass, provided it is kinematically allowed, they

will mostly decay into either Z or light Higgs h final states plus missing energy. The chargino

state, instead will decay into W± and missing energy

pp ! �±

1

+ �0

h ! W± + Z/h+ /ET , (4)

where h = 2, 3. We will concentrate in the region of parameters where the second and third

lightest neutralino can decay into on-shell Z gauge bosons. Therefore, considering the decay

of the W± into lepton states, the most interesting final states will be either tri-leptons plus

missing energy or pairs of bottom quarks plus one lepton plus missing energy. Considering

the decay of the W± into hadrons, the most interesting channel is two leptons (from Z) or

two bottoms (from h) and missing energy.

7

200 400 600 800 1000
10-4

0.01

1

100

m [GeV]

σ
(p
p
→
X
)[
pb

]

s = 13 TeV
M1 = 100 GeV
tanβ=5

χ1
± χ2

0 (HB)

χ1
± χ3

0 (HB)

χ1
± χ2

0 (W)

FIG. 2. Comparison of the LO direct production cross sections of electroweakinos in the pure

Wino scenario (dashed lines) and the Bino-Higgsino scenario (solid lines) with M
1

= 100 GeV and

tan� = 5, assuming that scalar superpartners are decoupled. In the former case, µ = �2 TeV and

m = M
2

is varied. In the latter, M
2

= 2 TeV and m = |µ| is varied.

In Fig. 2 we present the dependence of the associated production cross section as a

function of the Higgsino mass parameter µ that we take to be negative for this consideration,

and that represents the overall scale of the Higgsino masses (there is a small dependence of

the Higgsino spectrum on the sign of µ, which is however, only significant for low values of

µ, of the order of 100 GeV). We also represent, for comparison, the production of Winos,

as a function of the Wino mass parameter M
2

, making evident the larger cross sections

associated with these states.

The branching ratios also play an important role. The presence of two di↵erent Higgsino

states imply that their decay branching ratios will not be equal. These two Higgsino states

are close in mass, particularly for masses larger than Higgs mass, 125 GeV, for which also

the dependence on the sign of µ becomes less significant. It is therefore useful to represent

the sum of the branching ratios of the decay of the second and third lightest neutralinos into

Z and Higgs final states. These are given in Fig. 3. In each case, we calculate the branching

ratio using the code Spheno [86, 87] as functions of the parameters

8

Winos

Higgsinos

FIG. 4. The production cross-section for the process H/A ! �0

2,3�
0

1

! Z + 2�0

1

for higgsino-like

electroweakinos, with heavy scalar mass mA = 600 GeV and tan� = 2 , 5, 8, 10 respectively.

III. REACH OF DIRECT PRODUCTION SEARCHES OF HIGGSINO STATES

AT HIGHER LUMINOSITIES

In order to compute the reach for Higgsino states in the direct production mode, we have

considered a number of recent ATLAS studies, Ref. [7, 9, 10, 12], in which they present

bounds on the masses of charginos and neutralinos at the 13 TeV LHC for luminosities

ranging from 36 fb�1 to 139 fb�1.2 The bounds presented in these studies assume that

the electroweakino spectrum results from parameters aligned with the pure Wino scenarios

and that the corresponding branching ratios of neutralinos into either the Z boson or SM

h are 100 percent, depending on the study. We have recasted each bound including the

cross sections associated with the production of Higgsino-like states, and incorporated the

2 The CMS study shows similar sensitivities when luminosity is the same, see [5].
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Higgsinos
J. Liu, N. McGinnis, X. Wang, C.W. ‘20

Baum, Freese, Shah, Shakya’17, 
Gori, Liu, Shakya’18, Bahl, Liebler, Stefaniak’19, 
Adhikary, Bhattacherjee, Godbole, Kahan, Kulkarni’20Canepa, Han, Wang’20



Neutral Higgsino Decays

FIG. 3. Left: Sum of the total branching ratio of Higgsinos to the Z boson, �0

2,3 ! Z + �0

1

,

normalized by 1/2. Right: Sum of the total branching ratio of Higgsinos to the SM Higgs,

�0

2,3 ! h + �0

1

, normalized by 1/2. We show contours resulting from the scan in Eq. (5), for

tan� = 5.

M
1

2 [5, 500], �µ 2 [100, 900], (5)

assuming M
2

= 2 TeV, tan � = 5, and MA = 1 TeV. 1 For large values of |µ| the two

neutralino Majorana states behave e↵ectively like a single neutral Dirac state and, due to

the Goldstone equivalent theorem, one expects that, approximately, the neutral states will

decay 50 percent of the time into Z and 50 percent of the time into h final states, something

that is evident from Fig. 3.

In the low mass range, provided both neutralinos become lighter than the Standard

Model-like Higgs boson, they will decay into Z final states 100 percent of the time. However,

1 Note that for lower values of the heavy Higgs mass, such that MA < m�±
1
+ m�0

1
, decay channels of

electroweakinos to heavy Higgs bosons may become kinematically open. However, the corresponding

branching ratios of these channels would be two small to be of any relevance.

9

At low masses, at some point Higgsinos cannot decay into Higgs bosons 
due to kinematic restrictions

At sufficiently large mass values, the Goldstone equivalent theorem 
applies and the decays are approximately 50 percent into Higgs and into 
the Z gauge boson. 

J. Liu, N. McGinnis, X. Wang, C.W. ‘20



Heavy Winos : Higgsino-Bino LHC Probes
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FIG. 5. Constraints on the Bino-Higgsino scenario projected to 300 and 3000 fb�1 at 95% confidence

level in the top panel, 139 fb�1 at 95% confidence level and 3000 fb�1 at 5 � in the lower panel. We

choose tan� = 5, but the results depend very weakly on this choice for the range of parameters that

we explore. The 0`bb (gray) [9] and 1`bb (magenta, cyan) [10] come from the �0

2,3�
±

1

! hW + 2�0

1

channel, with h ! b̄b and W decay to hadronic or leptonic final states. The 3` (dark yellow) [12]

and 3`/2`+ j (orange) [8] come from the �0

2,3�
±

1

! ZW +2�0

1

channel, with Z ! 2`. For the gray

and orange shaded region, there are dotted lines cutting o↵ the high mass region because �
limit

is

not provided from HEP-Data.

14

Results from a recast of current CMS and ATLAS bounds.

Due to lower cross sections, the reach is weaker than in the Wino case. 

Compressed Region hard to Probe in direct production

J. Liu, N. McGinnis, X. Wang, C.W. ‘20



Heavy Winos :   Higgsino-Bino
Current Exclusion and Discovery Reach
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FIG. 5. Constraints on the Bino-Higgsino scenario projected to 300 and 3000 fb�1 at 95% confidence

level in the top panel, 139 fb�1 at 95% confidence level and 3000 fb�1 at 5 � in the lower panel. We

choose tan� = 5, but the results depend very weakly on this choice for the range of parameters that

we explore. The 0`bb (gray) [9] and 1`bb (magenta, cyan) [10] come from the �0

2,3�
±

1

! hW + 2�0

1

channel, with h ! b̄b and W decay to hadronic or leptonic final states. The 3` (dark yellow) [12]

and 3`/2`+ j (orange) [8] come from the �0

2,3�
±

1

! ZW +2�0

1

channel, with Z ! 2`. For the gray

and orange shaded region, there are dotted lines cutting o↵ the high mass region because �
limit

is

not provided from HEP-Data.

14

Current sensitivity is even weaker than at 300 fb-1.

Clear discovery opportunity for reasonable values of the electroweakino masses not
yet explored by the LHC. 

J. Liu, N. McGinnis, X. Wang, C.W. ‘20



Reach from heavy Higgs Production
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FIG. 7. 95 % CL bounds on the heavy neutral Higgs decay into electroweakinos H/A ! �0

h�
0

1

!

Z+2�0

1

, with Z ! `+`�. With integrated luminosity of 3000 fb�1 and mH/A = 600, 700, 800, 900

GeV, the sensitivities for electroweakinos are shown as contours in the m�±
1
–m�0

1
plane for tan� =

2� 10.

Apart from large /ET in the events, the signal significance can be further improved by using

the modified clustered transverse mass introduced in Ref. [39],

19

Larger transverse momentum coming from Higgs decays
allow to probe the compressed region. 
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Complementarity of Direct and Higgs Decay Production
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FIG. 8. Comparison between the H/A ! �0

h�
0

1

! Z + 2�0

1

electroweakino search and the ex-

isting direct production constraints for the higgsino-like electroweakinos at HL-LHC. In the case

of the resonant Higgs channel we present the bounds for mA = 600 (700) GeV for luminosity of

300 (3000) fb�1.

is a significant overlap in the parameter space that can be covered between the proposed

Higgs decay search and the direct production searches. We note that since there is still a

chance to obtain a 5 � discovery at HL-LHC, as we show in the bottom right panel of Fig. 5,

the search for electroweakinos will become an alternative way of probing the existence of a

heavy Higgs boson beyond the traditional decay channels to ⌧ -leptons, and top and bottom

quarks. As emphasized before, the proposed Higgs decay channel also has better sensitivity

close to the compressed mass region m�±
1 ,�0

h
' m�0

1
+Z compared with the direct production

case, o↵ering a unique channel to explore this region of electroweakino masses.

V. CONCLUSIONS

In this article we have analyzed the search for electroweakinos at the LHC, putting

emphasis on the complementarity of direct and Higgs decay production modes. We have

considered the case of heavy scalar superpartners and concentrated on the well motivated

case of light Higgsinos and Binos. We have shown that the LHC reach in this case remains

21

For certain region of parameters, discovery of Supersymmetry
plus a heavy Higgs via electroweakino production possible. 
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DM : Direct Detection Bounds

where v = 246 GeV.

The coupling of the Higgs bosons to up and down quarks are given by

gddh =
md

p
2

v
, (3.7)

guuh =
mu

p
2

v
, (3.8)

gddH = �md

p
2 tan�

v
, (3.9)

guuH =
mu

p
2 tan�

v
, (3.10)

where mu and md are the up and down quark masses. In the above, we have ignored

the finite corrections to the Higgs couplings coming from the decoupling of squarks and

gluinos [55–59] since they are small in the region of parameters we are interested in, where

|µ| is much smaller than the squark and gluino masses.

In the region of parameters we are investigating, the cross section for SI direct detection

is controlled predominantly by the exchange of the Higgs bosons. Also including the
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It is hence clear that the cross section is reduced for negative values of µ ⇥ me�0
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where we shall assume me�0
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to be positive, where M
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is the bino mass parameter.

Consequently, while positive values of µ tend to lead to conflict with the current bounds

from the PandaX, XENON1T and LUX experiments, negative values of µ easily lead to

consistency with these constraints in the large tan� regime. Depending on the values of

the neutralino mass, the heavy Higgs boson mass, the squark masses and tan�, the SI

cross section may be close to the current bound, or may be e�ciently suppressed in the
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where v = 246 GeV.
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FIG. 2. 90% CL upper limits on WIMP-neutron (top) and
WIMP-proton (bottom) cross section. Results from this anal-
ysis are shown in thick black (“LUX WS2013+WS2014–16”),
with the range of expected sensitivity indicated by the green
(1-�) and yellow (2-�) bands. Solid gray curves show the
previously published LUX WS2013 limits [13]. Constraints
from other LXe TPC experiments are also shown, includ-
ing XENON100 [26] and PandaX-II [27]. In the top panel,
model-dependent (axial-vector mediator with indicated cou-
plings) LHC search results are represented by dashed lines,
with CMS [28] in light blue, and ATLAS [29] in dark blue. As
calculated by a new profile likelihood scan of the MSSM7 [30],
favored parameter space is shown as dark (1-�) and light (2-�)
peach regions; an earlier calculation using the MSSM-15 [31]
is shown in gray, with analogous shading of confidence lev-
els. In the bottom panel, the DAMA allowed region (as in-
terpreted in [32]) is shown in pink (the analogous neutron-
only region is above the bounds of the plot). Such an in-
terpretation is in severe tension with this result, as well as
the PICO-2L [33] and PICO-60 [34] constraints. Selected lim-
its from indirect searches at neutrino observatories (Super-
Kamiokande [35] and IceCube [36]) are plotted as dashed lines.

FIG. 3. 90% CL exclusions on coupling parameters an and
ap for 50 GeV c�2 and 1000 GeV c�2 WIMPs. Ellipse bound-
aries are colored as in Fig. 2 : this result (thick black), LUX
WS2013 (gray), PandaX-II (purple), and PICO-60 (blue).
Geometrically, Eq. 4 describes a rotated ellipse when the sum
is performed over multiple isotopes with distinct �A

p /�
A
n , as

is the case for LXe experiments. PICO-60 considers only
19F (for which hSni ⇠ 0), and thus sets limits only on ap.
The innermost region (bounded by LUX and PICO-60) repre-
sents parameter space not in tension with experimental data.
The model-dependency of the LHC results is apparent in this
plane, as the CMS excluded region (shown as a green band)
is restricted to the an = ap line (see main text for important
caveat). This line is absent from the lower panel since, in this
treatment, CMS is insensitive to WIMPs at the TeV mass
scale. MSSM7 favored regions from the GAMBIT scan are
also shown, with a red contour at the 2-� level for visibility.
The degeneracies assumed in the MSSM7 Lagrangian lead to
the tight correlation between an and ap. This scan includes a
range of possible WIMP masses (unlike the mass-specific ex-
perimental exclusions), and thus appears identically in each
panel, noting the change in axis scale. Additionally, the scans
include models with sub-dominant relic densities, for which
experimental limits are rescaled accordingly.

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,
a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�SD / m4

Z

µ4

cos2(2�) , (3.14)

where we have again assumed that µ2 � m2

e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = aQED

µ + aEWµ + ahadµ (vac. pol.) + ahadµ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term aQED

µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = aexpµ � atheoryµ = 268(63)(43)⇥ 10�11 , (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].
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FIG. 2: SI scattering cross section as a function of mA for tan� = 50 (up left), tan� = 30 (up

right) and tan� = 10 (down left), µ ⇠ �2M1 and tan� = 30, µ ⇠ �4M1 (down right). The red

dots are for the µ > 0 case, and blue dots are for µ < 0 case. The green shaded area are excluded by

the CMS H,A ! ⌧⌧ searches. The orange line is the LUX limit, and the blue line is the projected

Xenon 1T limit

.

is enhanced by tan �, but since µ grows together with tan �, the down-Higgsino component

is suppressed roughly by tan �. At large mA, the cross section approaches 10�13 pb�1, which

is below the atmospheric and di↵use supernova neutrino backgrounds. There are various

contributions to this asymptotic value, including squarks, incomplete cancellation of the

couplings and loop e↵ects.

We also analyze the relic density. Considering a thermally produced neutralino DM, the

annihilation cross section is too small for Bino-like DM, which leads to DM density over

abundance, while the annihilation is too e�cient for pure wino or Higgsino-like DM, which

results in under abundance unless the LSP is heavier than 1 TeV [41, 42] or 2.7 TeV [42, 43],
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WIMP searches at colliders
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Figure 2.33 Left: The mass reach in the gluino coannihilation scenario in the monojet channel with L = 3000 fb�1

for the 14 TeV LHC (blue) and the SppC (red). The bands are generated by varying the background systematics
between 1 � 2% and the signal systematic uncertainty is set to 10%. The lower x-axis displays the gluino-bino
mass splitting �m for a given bino mass which is required to saturate the relic density [82, 83]. A tick is placed
every 10 GeV with the exception of the consecutive �m = 140 GeV ticks [17]. Right: The mass reach in the
stop coannihilation scenario in the monojet channel with L = 3000 fb�1 for the 14 TeV LHC (blue) and the SppC
(red). The bands are generated by varying the background systematics between 1 � 2% and the signal systematic
uncertainty is set to 10%. The lower x-axis displays the stop-bino mass splitting �m for a given bino mass which
is required to satisfy the relic density [83]. A tick is placed every 5 GeV with the exception of the consecutive
�m = 25 GeV ticks [17].
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2.5 Outlook1355

We have given a broad survey of some of the central physics motivations of the CEPC-SppC project. In1356

the rest of this report, a number of these subjects will be discussed at greater length. In section 2, we1357

will outline a preliminary design of the CEPC detectors, and discuss the CEPC capabilities for Higgs1358

coupling measurements in detail. In section 3, we discuss the projections for precision electroweak1359

measurements that can be performed running on the Z-pole at the CEPC. In section 4, we study the1360

capabilities of the CEPC for an entirely different kind of physics. Sitting on the Z will produce ⇠ 10

11

1361

B�hadrons, as well as charm quarks and ⌧ particles. This will allow myriad studies both of low-energy1362

hadronic physics, as well as rare ⌧ decays.1363
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appropriate amount of cold dark matter but cannot be excluded by cosmological constraints.
Here we want to study whether both regions where the LEP chargino limit is reduced can be
excluded by the experimental data on aµ.

As emphasized in ref. [11] the supersymmetric contributions to aµ coming from smuon-
neutralino and sneutrino-chargino loops are significant and the present experimental bound
already sets important constraints on the parameters, especially if tanβ is large. For tanβ ≫ 1,
the supersymmetric contribution is approximately given by

δaµ ≃
α

8π sin2 θW

m2
µ

m̃2
tan β ≃ 15 × 10−10

(
100 GeV

m̃

)2

tan β , (11)

where m̃ represents the typical mass scale of weakly-interacting supersymmetric particles. It
is evident from eq. (11) that, if tan β ≫ 1, the experimental constraint on δaµ can set bounds
on the supersymmetric particle masses which are competitive with the direct collider limits.
Indeed, the case tanβ ≃ mt/mb ≫ 1 has some special theoretical appeal. First of all, it allows
the unification of the bottom and tau Yukawa couplings at the same energy scale at which gauge
couplings unify, consistently with the prediction of the minimal SU(5) GUT model. Also it
allows a dynamical explanation for the top-to-bottom mass ratio, with approximately equal top
and bottom Yukawa couplings at the GUT scale, consistently with the minimal SO(10) GUT
[19].

The supersymmetric contribution to aµ is
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– 5–

where the errors are due to the electroweak, lowest-order

hadronic, and higher-order hadronic contributions, respectively.

The difference between experiment and theory

∆aµ = aexp
µ − aSM

µ = 255(63)(49)× 10−11 , (15)
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Figure 2: Compilation of recently published
results for aµ (in units of 10−11), subtracted
by the central value of the experimental aver-
age (3). The shaded band indicates the exper-
imental error. The SM predictions are taken
from: HMNT [18], JN [4], Davier et al.,
09/1 [17], and Davier et al., 09/2 [15]. Note
that the quoted errors do not include the un-
certainty on the subtracted experimental value.
To obtain for each theory calculation a result
equivalent to Eq. (15), the errors from theory
and experiment must be added in quadrature.

(with all errors combined in quadrature) represents an inter-

esting but not yet conclusive discrepancy of 3.2 times the

estimated 1σ error. All the recent estimates for the hadronic

contribution compiled in Fig. 2 exhibit similar discrepancies.

Switching to τ data reduces the discrepancy to 1.9σ, assuming
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Experiment  at more than  three Standard Deviation level

New Physics at the Weak scale can fix this 
discrepancy.  Relevant example : Supersymmetry

Masses of the order of the weak scale lead to a natural 
explanation of the observed anomaly !
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QCD, excellent agreement between data and theory is
found [18].
A full compilation of all contributions to ahad,LOµ is

given in Table II of Ref. [18].

Muon magnetic anomaly. Adding all lowest-
order hadronic contributions together yields the estimate
(this and all following numbers in this and the next para-
graph are in units of 10�10) [18]

ahad,LOµ = 692.3± 1.4± 3.1± 2.4± 0.2± 0.3 , (12)

where the first error is statistical, the second channel-
specific systematic, the third common systematic, corre-
lated between at least two exclusive channels, and the
fourth and fifth errors stand for the narrow resonance
and QCD uncertainties, respectively. The total error
of 4.2 is dominated by experimental systematic uncer-
tainties. The new result is �3.2 · 10�10 below the pre-
vious one [26]. This shift is composed of �0.7 from
the inclusion of the new, large photon angle data from
KLOE, +0.4 from the use of preliminary BABAR data
in the e+e� ⇥ ⇥+⇥�2⇥0 mode, �2.4 from the new high-
multiplicity exclusive channels, the re-estimate of the un-
known channels, and the new resonance treatment, �0.5
from mainly the four-loop term in the QCD prediction of
the hadronic cross section that contributes with a nega-
tive sign, as well as smaller other di�erences. The total
error on ahad,LOµ is slightly larger than that of Ref. [26]
owing to a more conservative evaluation of the inter-
channel correlations.
Adding to the result (12) the contributions from higher

order hadronic loops, �9.79± 0.09 [44], computed using
a similar dispersion relation approach, hadronic light-by-
light scattering (LBLS), 10.5 ± 2.6 [46], estimated from
theoretical model calculations (cf. remark in Footnote 5),
as well as QED (7), and electroweak e�ects (10), one
obtains the full SM prediction

aSMµ = 11 659 180.2± 4.2± 2.6± 0.2 (4.9tot) , (13)

where the errors have been split into lowest and higher or-
der hadronic, and other contributions, respectively. The
result (13) deviates from the experimental average (4) by
28.7± 8.0 (3.6⇤).5

A compilation of recent SM predictions for aµ com-
pared with the experimental result is given in Fig. 7.

Update of � -based g�2 result. Since the majority
of the analysis in the aµ analysis also a�ects the ⌅ -based
result from Ref. [22], a reevaluation of the correspond-
ing ⌅ -based hadronic contribution has been performed
in Ref. [18]. In the ⌅ -based analysis [47], the ⇥+⇥�

5 Using alternatively 11.6±4.0 [14] for the light-by-light scattering
contribution, increases the error in the SM prediction (13) to 5.8,
and reduces the discrepancy with experiment to 3.2⇤.
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FIG. 7: Compilation of recent results for aSM
µ (in units of

10�11), subtracted by the central value of the experimental
average (4). The shaded vertical band indicates the exper-
imental error. The SM predictions are taken from: DHMZ
10 [18], HLMNT (unpublished) [43] (e+e� based, including
BABAR and KLOE 2010 �+�� data), Davier et al. 09/1 [22]
(⇥ -based), Davier et al. 09/1 [22] (e+e�-based, not including
BABAR �+�� data), Davier et al. 09/2 [26] (e+e�-based in-
cluding BABAR �+�� data), HMNT 07 [44] and JN 09 [45]
(not including BABAR �+�� data).

cross section is entirely replaced by the average, isospin-
transformed, and isospin-breaking corrected ⌅ ⇥ ⇥�⇥0��
spectral function,6 while the four-pion cross sections, ob-
tained from linear combinations of the ⌅� ⇥ ⇥�3⇥0��
and ⌅� ⇥ 2⇥�⇥+⇥0�� spectral functions, are only eval-
uated up to 1.5 GeV with the ⌅ data. Due to the lack
of statistical precision, the spectrum is completed with
the use of e+e� data between 1.5 and 1.8 GeV. All the
other channels are taken from e+e� data. The complete
lowest-order ⌅ -based result reads [18]

ahad,LOµ [⌅ ] = 701.5± 3.5± 1.9± 2.4± 0.2± 0.3 , (14)

where the first error is ⌅ experimental, the second esti-
mates the uncertainty in the isospin-breaking corrections,
the third is e+e� experimental, and the fourth and fifth
stand for the narrow resonance and QCD uncertainties,
respectively. The ⌅ -based hadronic contribution di�ers
by 9.1 ± 5.0 (1.8⇤) from the e+e�-based one, and the
full ⌅ -based SM prediction aSMµ [⌅ ] = 11 659 189.4 ± 5.4
di�ers by 19.5±8.3 (2.4⇤) from the experimental average.
This ⌅ -based result is also included in the compilation of
Fig. 7.

6 Using published ⌅ � ⇥�⇥0�� spectral function data from
ALEPH [48], Belle [49], CLEO [50] and OPAL [51], and using
the world average branching fraction [36] (2009 PDG edition).
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3.6� Discrepancy

Here m̃ represents the weakly interacting supersymmetric particle masses.

For tan� ' 10 (50), values of m̃ ' 230 (510) GeV would be preferred.
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Grifols, Mendez’85,  T. Moroi’95, 
Giudice, Carena, C.W.’95,  Martin and Wells’00 ....

Finally, Eq. (3.12) shows a strong dependence of the SI cross section with the value of |µ|,
a behavior that is related to its dependence on the square of the Higgsino components.

The spin dependent (SD) cross section, instead, depends only on the coupling to the

Z [60, 61], and hence to the di↵erence of the squares of the up and down Higgsino compo-

nents. From the expression given in Eq. (3.6), one can see that

�SD / m4

Z

µ4

cos2(2�) , (3.14)

where we have again assumed that µ2 � m2

e�0
1
. Hence, in the large tan� regime and

for |µ| su�ciently large, the SD cross section is suppressed by four powers of µ, without

any other strong parametric suppression. This behavior should be contrasted with the SI

cross section which, in spite of its overall suppression by only two powers of µ, may be

further suppressed due to a reduction of the neutralino coupling to the 125 GeV Higgs

boson together with interference e↵ects. As we will show, for negative values of µ, and

|µ| su�ciently large to avoid the SD cross section limits, the SI cross section tends to be

below the current experimental bounds on this quantity. However, it can come closer to

the current limits depending on the precise value of tan� and mH .

4 Anomalous Magnetic Moment of the Muon

The anomalous magnetic moment of the muon is a very relevant quantity since it may be

measured with great precision and is sensitive to physics at the weak scale. The theoretical

prediction within the SM may be divided in four main parts

aµ = aQED

µ + aEWµ + ahadµ (vac. pol.) + ahadµ (� ⇥ �) , (4.1)

where aµ ⌘ (gµ � 2)/2. The first term aQED

µ represents the pure electromagnetic contri-

bution, and is known with great accuracy, up to five loop order [62]. The second term

denotes the electroweak contributions, which are known at the two-loop level, and are

about (153.6±1.)⇥10�11 [63]. The hadronic contributions contain the largest uncertainty

in the determination of aµ. While the vacuum polarization contributions can be extracted

from the scattering process of e+e� to hadrons and are of order of (7⇥ 10�8 [64–66]), the

so-called light by light contributions ahadµ (� ⇥ �) cannot be related to any observable and

have to be estimated theoretically. These are estimated to be about 105⇥ 10�11 [67] and

hence of the order of the electroweak contributions.

Overall, the theoretical calculation of aµ in the SM [68] di↵ers from the result measured

experimentally at the Brookhaven E821 experiment [69] by

�aµ = aexpµ � atheoryµ = 268(63)(43)⇥ 10�11 , (4.2)

where the errors are associated with the experimental and theoretical uncertainties, respec-

tively. The discrepancy, of order 3.5�, is of similar size as the electroweak contributions

and hence can be potentially explained by new physics at the weak scale. The E821 exper-

imental result will be tested by the upcoming Muon g � 2 Experiment at Fermilab [70].

– 9 –

In the supersymmetric case the most relevant contributions are associated with the

interchange of charginos and the superpartners of the neutral second generation leptons

(sneutrinos) [71–78]. Assuming that there are no large mass hierarchies in the supersym-

metric electroweak sector, one can write, approximately,

�aµ ' ↵

8⇡s2W

m2

µ

em2

Sgn(µM
2

) tan� ' 130⇥ 10�11

✓
100 GeV

em

◆
2

Sgn(µM
2

) tan� , (4.3)

where ↵ is the electromagnetic fine structure constant, and em is the characteristic mass of

the weakly interacting sparticles. This implies that for tan� of order 10 (20), the overall

weakly interacting sparticle mass scale must be of order 250 GeV (350 GeV) in order to

explain the current discrepancy between theory and experiment.

In our work, we shall consider chargino and slepton masses that are quite di↵erent from

each other and hence, it is relevant to provide an analytical understanding of the behavior

of aµ in that parameter regime. In the relevant approximation where |µ| >⇠ 2|M
2

| >⇠ 4MW

and m2

e⌫
>⇠ µ2, one gets,

�aµ ' � 3↵

4⇡s2W

m2

µ

m2

e⌫

M
2

µ tan�

µ2 �M2

2

⇢
[f

1

(x
1

)� f
1

(x
2

)] +
1

6
[f

2

(x
1

)� f
2

(x
2

)]

�
, (4.4)

where the first term inside the curly brackets corresponds to the chargino contributions, the

second term to the neutralino contributions, x
1

= M2

2

/m2

e⌫ and x
2

= µ2/m2

e⌫ . In addition,

f
1

(x) =
1� 4x/3 + x2/3 + 2 log(x)/3

(1� x)4
, (4.5)

and

f
2

(x) =
1� x2 + 2x log(x)

(1� x)3
. (4.6)

In the above we have ignored the small hypercharge induced contributions. It is important

to note that for x ⌧ 1, f
1

(x) is negative and increases logarithmically in magnitude,

f
1

(x) ' 1+8x/3+2(1+4x) log(x)/3, whilef
2

(x) tends to one, namely f
2

(x) ! 1+2x(3/2+

log(x)). On the other hand, in the limit of x ! 1, f
1

(x) ! �2/9 and f
2

(x) ! 1/3. In

general, as stressed above, the lightest chargino contribution is dominant, but the heavier

chargino and the neutralino contributions have the opposite sign to the lighter chargino

one, providing a significant reduction of the anomalous magnetic moment with respect to

the one obtained considering only the lightest chargino contribution. We also note that

Eq. (4.4) is symmetric under the interchange of µ and M
2

, and is indeed valid also in the

region in which the second lightest neutralino is Higgsino like, |M
2

| >⇠ 2|µ| >⇠ 4MW , and

me⌫
>⇠ |M

2

|.
Let us stress that while the reduction of the SI cross section is obtained for negative

value of µ⇥M
1

, the explanation of the anomalous magnetic moment of the muon demands

positive values of µ⇥M
2

. Hence, a simultaneous explanation of the absence of DM direct

detection signals and of the measured value of aµ may be naturally obtained for opposite

values of the hypercharge and weak gaugino masses, namely M
2

⇥M
1

< 0.

– 10 –

Ιf Winos are heavy, one would need larger values of tanβ to 
explain the current anomaly. 



Conclusions

  Strongly interacting particles are restricted to be heavier than about 1 TeV

  We are just starting to constrain the region of stop masses consistent with 
the MSSM Higgs mass determination !

  No clear deviation of Higgs coupling from SM expectations :  Alignment or 
Decoupling ?

 There is still clear room for discovery at the LHC.   

 Moreover, if electroweakinos are at the weak scale, they could lead to a 
solution of the DM problem.  Tensions will current direct detection data 
could be highly ameliorated for negative values of μ.
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Slepton production
All four light generation leptons mass degenerate
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Figure 8: Observed and expected exclusion limits on SUSY simplified models for (a) chargino-pair production,
(b) slepton-pair production, (c) chargino–neutralino production with slepton-mediated decays, and (d) chargino–
neutralino production with decays via W/Z bosons. The observed (solid thick red line) and expected (thin dashed
blue line) exclusion contours are indicated. The shaded band corresponds to the ±1� variations in the expected
limit, including all uncertainties except theoretical uncertainties in the signal cross-section. The dotted lines around
the observed limit illustrate the change in the observed limit as the nominal signal cross-section is scaled up and
down by the theoretical uncertainty. All limits are computed at 95% confidence level. The observed limits obtained
from ATLAS in Run 1 are also shown [23].
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Limits may be different in the case of cascade
decays of the leptons into lighter electroweakino states.



Stop bound may be somewhat relaxed in complex cascade decays
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● Weaker limits for                                                                                     
larger neutralino                                                                            
masses.

● Special focus on compressed (4-body)                                                         
final states.

● Weaker limits e.g. in                                                                     
Bino/Higgsino LSP models                                                                       
with compressed mass                                                                       
spectra.

Sbottom and stop production


